Perspective {#Sec1}
===========

Evidence for sympathetic upregulation as a mechanism for cerebral influences on cardiac structure and function {#Sec2}
--------------------------------------------------------------------------------------------------------------

In 1913 Goodman Levy \[[@CR24], [@CR25]\] showed that chloroform-induced ventricular tachyarrhythmias were abolished by cardiac sympathetic denervation. Additionally, sympathetic activation induced identical ventricular tachyarrhythmias, indicating a direct neurological rather than cardiac effect of chloroform. Subsequently, Beattie \[[@CR3]\] showed that these tachyarrhythmias were abolished by mid-collicular, but not higher, diencephalic sectioning. Histological examination indicated degeneration of a pathway originating in the hypothalamus and terminating in the intermediolateral column (close to the cells of origin of sympathetic preganglionic fibers).

Another decade passed. Aschenbrenner \[[@CR1]\] reported seven young patients with cortical and diencephalic tumors who developed ventricular ectopy or nodal rhythm. These patients lacked cardiac history or post mortem ischemic cardiac pathology to explain their death. Subendocardial hemorrhages adjacent to the ventricular cavity were noted as an unusual feature. These resembled the changes seen after sudden death in epilepsy reported earlier by Neuberger \[[@CR30]\].

Much of this was forgotten with the advent of World War II. In the aftermath, single case reports of intriguing ECG repolarization changes after subarachnoid hemorrhage (SAH) were reported: inverted T waves (often tall, symmetrical downward peaking) and prolonged QTc interval with ST elevation or depression. Cropp \[[@CR9]\] initially thought these changes indicated coronary artery disease and delayed surgery, with fatal consequences. Clinical and pathological findings were reviewed. No patient had a cardiac history, most were young and no autopsied case showed coronary artery pathology. Aneurysm position led to implication of inferior frontal structures and possible vagal mechanisms in the etiology of these cardiac changes.

Recently, Kono \[[@CR19]\] compared 7 SAH patients with repolarization changes and 5 in whom no ECG abnormalities were detected. Reduced myocardial contractility occurred only in association with ECG changes. All patients underwent catheterization without evidence of coronary artery disease.

Greenhoot \[[@CR15]\] extended the range of cardiac pathology observed after subarachnoid hemorrhage. Additional to subendocardial hemorrhages, scattered myocyte necrosis was observed surrounded by infiltrating monocytes and interstitial hemorrhages (myocytolysis). Electron microscopy showed clustering of cardiac pathology around nerves and indicated a neural rather than vascular origin.

Others investigated stress as a pointer to cerebral-cardiac interactions. In a Holter study, stress induced ventricular ectopy when healthy individuals addressed an audience \[[@CR47]\]. In those with documented cardiac disease, frequency and severity of ventricular ectopy was markedly increased. All arrhythmias were abolished by β-blockade. Toivonen \[[@CR49]\] investigated arousal effects on the ambulatory ECG of 30 "healthy physicians" without known heart disease. Recordings were compared just before and during emergency calls. The T wave inverted in 67 % subjects and asymptomatic ST depression was noted in 33%. As RR interval shortened, the QT interval failed to show the expected decrease. Thus, arousal can significantly affect ventricular repolarization even in putatively normal hearts, presumably through sympathetic mechanisms.

Coupled with the resemblance of myocytolysis to phaeochromocytoma cardiomyopathy, the cardiac pathology accompanying catecholamine infusion and prolonged stress, these observations strongly indicate that sympathetic neural activation can destabilize cardiac structure and function. Much recent evidence indicates the arrhythmogenic potential of catecholamines. Mid-myocardial cells have been identified in the dog and human ventricle \[[@CR27],[@CR48]\] sensitive to catecholamines which may underlie the pro-arrhythmic effects of cardiac sympathetic activation. In this regard, Cao \[[@CR5]\] compared cardiac innervation density in patients with or without history of ventricular arrhythmias. Increased sympathetic nerve density was found around blood vessels and areas of myocardial damage only in those with an arrhythmia history. They then infused nerve growth factor (NGF) into canine left stellate ganglia \[[@CR7]\]. When combined with AV block and experimental MI, VT and sudden cardiac death occurred only in the NGF-treated animals. This suggested that sympathetic neural remodeling might facilitate ventricular arrhythmias and contribute to sudden cardiac death. Conversely, Manitius-Robeck \[[@CR28]\] reported ictal sinus arrest during temporal lobe seizures. In one patient, cortical dysplasia was associated with a near-complete absence of MIBG-SPECT determined cardiac sympathetic innervation. The bradyarrhythmias were abolished by surgery indicating a permissive interaction and developmental link between cortical dysplasia and reduced cardiac sympathetic innervation.

Stroke is associated with an adverse long-term cardiac outlook \[[@CR41]\], possibly relating to altered sympathovagal balance. Barron \[[@CR2]\] reported that compared with age/gender matched controls, total spectral power of RR intervals was reduced after stroke; power associated with cardiac parasympathetic neural activity was particularly affected indicating a shift in sympathovagal balance. Strittmatter \[[@CR45]\] reported that cardiac sympathetic tone was increased within 5 days of stroke and similar findings were reported by Giubilei \[[@CR13]\],who also showed persistence for at least 3 weeks. Additionally, Korpelainen et al. \[[@CR20]\] demonstrated that diurnal cardiac autonomic variability was disturbed after acute stroke with a striking loss of nocturnal vagal dominance. This normalized by 6 months while sympathovagal balance was still abnormal \[[@CR21]\]. Sander \[[@CR42], [@CR44]\] reported that absence of circadian cardiovascular variation was particularly striking after insular infarction. These patients had higher plasma no-radrenaline levels, increased nocturnal blood pressure, a higher incidence of QTc interval prolongation and ventricular arrhythmias than patients with stroke in other locations. However, in these, and many other such studies the contribution of concomitant coronary artery disease and medications were not assessed.

Collectively these data strongly indicate that the brain has a major influence on cardiac structure and function and that this is likely mediated through alterations in patterning of sympathovagal relationships.

Clinical implications of cerebrocardiac interactions {#Sec3}
====================================================

Frequency and consequences of cerebrally induced cardiac dysfunction {#Sec4}
--------------------------------------------------------------------

While evidence for cerebral involvement in cardiac dysfunction is persuasive, frequency, predisposing circumstances and relevance for outcome are unclear. Assessment is confounded by coincident (often asymptomatic) cardiac disease. In this regard, early traces of (non-ischemic) myocytolysis were found in 26% of patients dying of non-ischemic causes (pneumonia, sepsis) and in 89% of SAH, 71% of intracerebral hemorrhage, and 52% of ischemic stroke deaths \[[@CR18]\]. While indicative, these data come from a select group of patients for whom post mortem data were available. Relevance to the overall stroke population is unclear.

Stroke may provide a good model to investigate neurocardiac influences: lesion location may be identified with precision, and onset categorized with some accuracy. However few studies detail arrhythmia incidence after stroke, and even fewer have controlled for concomitant coronary artery disease. Comparing ECGs before and after stroke, Lavy \[[@CR23]\] indicated a 39 % incidence of new onset cardiac arrhythmias in patients without cardiac history. Goldstein \[[@CR14]\] reviewed 53 acute stroke patients' (including SAH) ECGs obtained within 24 hours of admission and recordings taken an average of 4 months earlier. A control group comprised age and sex matched patients. QT prolongation of new onset was seen in 32% of strokes (against 2% of controls); T wave inversion and U waves were present in 15% of stroke patients and in none of the controls. New onset cardiac arrhythmias (of which atrial fibrillation was the most frequent) were present in 25% of all stroke patients, and 3% of controls. Curiously, there was no difference in ventricular arrhythmia incidence between the two groups. However, this may not be too surprising since the ECG underestimates arrhythmia incidence. In other studies, where Holter recording has been used, ventricular arrhythmia incidence after stroke was higher, varying from 25--75% \[[@CR31],[@CR38],[@CR39]\] without control for co-existing cardiac disorders or for whether these were new or pre-existing. In Yamour's uncontrolled study of intracerebral hemorrhage patients \[[@CR52]\], comparison with pre-event ECG status indicated a new onset ventricular arrhythmia in 10% of patients and interestingly correlated with a temporoparietal location.

In our recent unpublished observations, ventricular tachyarrhythmias were not observed in ECG recordings of 189 acute stroke patients. Ventricular premature beats occurred in 2.4% of strokes, and in 2% of 37 patients admitted with transient ischemic attacks (TIA). TIA patients served as controls with similar demographics, incidence of coronary artery disease (70%), atherosclerotic risk factors and medication experience. However, Holter monitoring revealed a ventricular tachyarrhythmia incidence of 12% in stroke, and 3% in TIA patients, bigeminy in 21% and 5% respectively, ventricular ectopy in 71% and 73% respectively, and atrial fibrillation in 9% and 3% respectively. These figures confirm differences in arrhythmia ascertainment between ECG and continuous monitoring.

Atrial fibrillation is commonly found in ECG studies of stroke \[[@CR14], [@CR23]\]. However, when pre-event ECGs are used for comparison, it is unclear whether paroxysmal arrhythmia preceded and in some cases, caused stroke because of embolic potential. Additionally, most reports do not control for cardiac concomitants (indeed, 40% of acute stroke patients without cardiac symptoms are reported to have \> 70% stenosis on coronary angiography \[[@CR17]\]).

Cardiac arrhythmia incidence is reportedly highest after SAH (98 %), of which multifocal ventricular beats occur on cardiac monitoring in 54%, couplets in 40% and unsustained ventricular tachycardia in 29 % \[[@CR10]\]. This correlates with QTc prolongation, but not with cardiac history.

Cardiac arrhythmias may be associated with adverse outcome: 80% mortality in acute stroke patients with ventricular tachyarrhythmias, compared to 23% in those without \[[@CR14]\]. Similarly, an association was documented between poor outcome (including death) in patients with arrhythmias or ECG changes after SAH \[[@CR10]\].

Wong \[[@CR51]\] reported that after adjusting for overt cardiac disease and traditional ischemic risk factors, stroke patients with QTc prolongation in lead V6 had a 2.8 relative risk of cardiac death. If the QTc exceeded 480ms then the specificity was 94% for cardiac death prediction within five years. Eckhardt \[[@CR12]\] showed that insular strokes were particularly associated with QT dispersion lengthening compared with those in other locations.

Collectively, these data indicate that significant cardiac arrhythmogenesis can occur following stroke. This is most pronounced after subarachnoid hemorrhage, but may also accompany intracerebral hemorrhage and ischemia. In many reported series, precision is reduced by failure to account for concomitant ischemic cardiac disorders as a confounding variable, and by the use of ECG rather than Holter data. Additionally, most studies are of short duration, performed in the acute phase and do not investigate the longer-term cardiovascular consequences of the lesion. It is this latter which may prove to be of importance in determining survival, and, as yet, definitive data on this point are lacking.

Cerebral lateralization of cardioregulatory function {#Sec5}
====================================================

Clinical and physiological considerations {#Sec6}
-----------------------------------------

In many species the insular cortex plays a pivotal role in the integration of autonomic function. Viscerotopic organization has been demonstrated in the insula of the rat \[[@CR6]\]. Cardiac chronotropic organization was subsequently identified in the rostral posterior insula \[[@CR32]\]. Phasic microstimulation of the rat left insula resulted in QT prolongation, ST depression, pronounced bradycardia, complete heart block and idioventricular rhythm ending in asystole \[[@CR33]\]. Myocytolysis was apparent on cardiac examination and plasma noradrenaline levels were elevated, without a change in adrenaline (which in the rat indicates neural rather than adrenal origin).Neither was provoked by stimulation of peri-insular sensory cortex.Thus, cerebral stimulation can reproducibly generate lethal cardiac arrhythmias and pathology resembling changes seen after stroke or sudden unexpected death in epilepsy.

Lesions confined mainly to the right posterior insula of the rat increase blood pressure and heart rate without altering baroreceptor sensitivity \[[@CR54]\]. Conversely, left posterior insular lesions do not alter cardiovascular variables, but increase baroreceptor sensitivity. Previously, we had shown that damage to the right hemisphere in a rat middle cerebral artery occlusion model increased both QT interval and plasma norepinephrine \[[@CR16]\]. Chemical lesions confined to the right insula also increase heart rate and blood pressure \[[@CR4]\].

Direct recording from cardiac sympathetic nerves is difficult; however surrogate measures of sympathovagal balance may be assessed from spectral analysis of heart rate.We have shown in the rat that right posterior insular stimulation increases cardiac sympathetic tone in the absence of heart rate, blood pressure or respiration changes \[[@CR36]\]. Interestingly, baroreceptor sensitivity decreased, a finding also linked to increased mortality after stroke \[[@CR40]\].

These laterality issues are of interest because of previous observations that in the human, right carotid amylobarbital infusion produces bradycardia, and left carotid infusion is accompanied by tachycardia \[[@CR53]\].Additionally, an increased incidence of supraventricular tachycardia was reported in patients with right middle cerebral artery stroke \[[@CR22]\]. Our investigations in the human indicate that left caudal anterior insular stimulation during surgery for intractable epilepsy increases the frequency of bradycardia and depressor responses, whereas stimulation of a similar region of the right anterior insula is associated with heart rate and diastolic blood pressure elevation \[[@CR34]\].Although both types of response were elicitable from either insula, the proportion varied, and the degree of bradycardia was greater on left insular stimulation. These data indicate that in the human at least, some lateralization of cardiovascular representation may exist with sympathetic predominance of cardiovascular regulation being a right insular function, and parasympathetic cardiac neural regulation relating to the left insula.

Recently we reported a series of patients with lesions confined to the left insula \[[@CR35]\]. Consistent with the hypothesis of left insular cardioinhibitory representation, these patients had a higher basal heart rate than age-gender matched controls. Cardiac autonomic balance was shifted towards sympathetic predominance and mirrored the effects of rising from sitting to standing in the control group. ISE and approximate entropy data indicated a decrease in heart rate complexity. Interestingly 40% of these patients developed ECG changes not seen on premorbid traces, comprising tachycardia, T wave inversion, prominent U waves and QTc prolongation. None reported a cardiac history. No similar changes were seen in controls.The abnormalities resolved within 2 months of stroke. A similar case has also been reported of an arrhythmia resolving after evacuation of a left insular hematoma \[[@CR46]\].We have also encountered a patient who developed transient ST depression 3 days after left insular infarction in the absence of cardiac history, coronary artery disease, or echocardiographic abnormalities \[[@CR8]\].

Others have indicated a significant role for the right insular cortex in cardiovascular decompensation after stroke. Tokgozoglu \[[@CR50]\] showed that compared to age-gender matched controls total spectral energy was reduced after ischemic stroke as noted previously by others. However, this was particularly marked in patients with stroke involving the right middle cerebral artery, or the insular cortex. Sudden death was observed in 11%, but occurred more often after right MCA lesions. Naver \[[@CR29]\] indicated that heart rate variability entrained to deep breathing (a parasympathetic relationship) was reduced with right sided stroke, whereas peripheral sympathetic influences were equally distributed between the two sides. Sympathetic skin response and pulse rate variation (parasympathetic measure) were suppressed in patients with both right or left hemisphere lesions compared with controls \[[@CR11]\]. This effect was more marked with right hemisphere lesions, although the authors failed to show a statistical difference when right and left sides were compared. On the other hand, Li \[[@CR26]\] indicated that supraventricular arrhythmias were more frequently encountered after right insular infarction compared with strokes in other locations. Interestingly, ST abnormalities were more frequent after left insular involvement in comparison with controls or strokes in other locations. Sander \[[@CR43]\] showed that right hemisphere infarction reduced circadian blood pressure variability and increased nocturnal blood pressure compared to left hemisphere infarcts. Additionally, higher serum noradrenaline levels, longer QTc prolongation and more cardiac arrhythmias were observed after right hemisphere infarction. In general, changes were greatest when there was insular involvement, under which circumstances no laterality effects were observed.

Whereas these changes indicate that left insular lesions may disrupt interactions of central oscillators regulating cardiac rhythmicity, there is some inconsistency in the data. Certainly, right rostral posterior insular stimulation in the rat increases cardiac sympathetic tone; however, lesions involving this region also increase heart rate and blood pressure. These seemingly incompatible effects may relate to anesthetic effects on descending inhibitory and excitatory pathways. Under baseline anesthesia conditions inhibitory pathways (probably insular efferents to the lateral hypothalamic area \[[@CR37]\]) may be maximally operational, and this inhibition is released by insular lesioning. On the other hand, stimulation recruits excitatory pathways, possibly quiescent under basal anesthetic conditions. Human investigations were conducted in minimally anesthetized individuals and so the relationships may differ. In the rat, prolonged left insular stimulation results in both cardiac parasympathetic and sympathetic activation \[[@CR33]\]. The major cardiac effect, however, appears related to parasympathetic upregulation (bradyarrhythmias and complete heart block).

Conclusions {#Sec7}
===========

Considerable evidence for the role of the cortex in the regulation of cardiac rate and rhythm exists from historical sources, contemporary clinical observation and animal experimentation. There is a large body of evidence indicating that insular involvement may adversely affect cardiac prognosis after stroke. Whereas there is little doubt now that lateralization of cardiovascular function occurs within the cortex of many species, there is some discrepancy regarding the evidence as to whether lesions of the left or right insula may be more clinically significant. In some part, this may reflect interspecies extrapolations, state dependency of the observed responses, whether or not clinical data refer to lesions confined solely to the insular cortex (as in our reports) or merely involve the insula in addition to adjacent regions (as in the case of others). For example, we have identified an inhibitory input to the insula from adjacent regions; when damaged, but sparing the insula itself, this may result in cardiovascular disinhibition, an effect differing from involvement of the insula alone. On balance however, it is most likely that in the human, lesions ablating part or all of the left anterior insula and its efferent connections and ablation of inhibitory circuminsular efferents to the right insular cortex are of consequence with regard to determining cardiovascular outcomes after neurological damage. Temporal dephasing of the relationships between the neuraxially dispersed oscillators controlling sympathovagal activity is the likely underlying mechanism which, interacting with concomitant ischemic cardiac and vascular disease if present, poses a potential threat to the integrity and function of the heart. These effects may not be manifest in the acute phase, but may become so chronically, especially with central synaptic reorganization after stroke. Environmental, and especially psychological, stressors may activate a reorganized system leading to upregulation and dysfunction of sympathetic neural input with resultant cardiac arrhythmia generation, cardiac structural damage and decompensation. Clearly, long-term follow-up studies of stroke patients could be exceptionally useful to determine the validity of this argument.
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